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Multivesicular bodies (MVBs) are late endosomal compart-
ments containing luminal vesicles (MVB vesicles) that are
formed by inward budding of the endosomal membrane. In bud-
ding yeast, MVBs are an important cellular mechanism for the
transport of membrane proteins to the vacuolar lumen. This
process requires a class E subset of vacuolar protein sorting
(VPS) genes. VPS44 (allelic to NHX1) encodes an endosome-
localized Na*/H™ exchanger. The function of the VPS44
exchanger in the context of vacuolar protein transport is largely
unknown. Using a cell-free MVB formation assay system, we
demonstrated that Nhx1p is required for the efficient formation
of MVB vesicles in the late endosome. The recruitment of
Vps27p, a class E Vps protein, to the endosomal membrane was
dependent on Nhx1p activity and was enhanced by an acidic pH
at the endosomal surface. Taken together, we propose that
Nhx1p contributes to MVB formation by the recruitment of
Vps27p to the endosomal membrane, possibly through Nhx1p
antiporter activity.

Multivesicular bodies (MVBs)® are a subset of late endo-
somes that contain internal vesicles, permitting precursor and
plasma membrane proteins to reach the lysosome or vacuole
lumen for degradation or maturation, respectively. In eukary-
otic cells, the MVB pathway controls various important pro-
cesses such as receptor down-regulation, antigen presentation,
cytokinesis, retroviral budding, and autophagy (1-6). In the
budding yeast Saccharomyces cerevisiae, previous studies iden-
tified a number of genes involved in vacuolar protein sorting
(VPS) (7, 8). These Vps proteins function at distinct steps of
protein transport between the Golgi complex and the vacuole

* This work was supported by a grant-in-aid from the Japanese Ministry of
Education, Science, Sports, Technology, and Culture.
The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Figs. S1-S3.

"To whom correspondence may be addressed. E-mail: mitsui8@bio.sci.
osaka-u.ac.jp.

2To whom correspondence may be addressed. Tel.: 81-6-6850-5812; Fax:
81-6-6850-5812; E-mail: kanazawa@bio.sci.osaka-u.ac.jp.

3The abbreviations used are: MVB, multivesicular body; DPX, p-xylene-
bispyridinium bromide; ESCRT, endosomal sorting complexes required for
transport; HPTS, 8-hydroxypyrene-1,3,6-trisulfonate; NHE, Na*/H"
exchanger; VPS, vacuolar protein sorting; PI(3)P, phosphatidylinositol
3-phosphate; DIC, differential interference contrast; t-SNARE, target solu-
ble N-ethylmaleimide factor attachment protein receptor; EGFP, enhanced
green fluorescent protein; TAP, tandem affinity purification.

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

(7, 8). A subset of Vps proteins, class E proteins, is involved in
MYVB formation. Most class E proteins are components of five
distinct complexes; Vps27p-Hselp (also called endosomal sort-
ing complexes required for transport-0 (ESCRT-0), -1, -1I, and
-III and Vps4p. These complexes are required for the formation
of internal vesicles and sorting of cargo proteins to the vesicles
from the endosomal membrane (3, 9). Vps27p (ESCRT-0)
recruits ESCRT-I, which in turn recruits and/or activates
ESCRT-II and ESCRT-III at the endosome (3, 10). Recent in
vitro studies have provided new insights into the precise role of
each ESCRT complex in MVB formation (11-13). ESCRT-0
initiates the MVB sorting process by recruiting ESCRT-I to the
endosomal membrane and concentrating ubiquitylated MVB
cargos to the vesicle budding site (12). ESCRT-I and ESCRT-II
are directly involved in membrane budding by stabilizing the
bud necks, whereas ESCRT-III is responsible for the cleavage of
bud necks (11-13). Finally, the AAA-type ATPase Vpsdp dis-
sociates the ESCRT-III complex from the endosome (14). The
sequential activity of these complexes on the cytoplasmic sur-
face of endosomes directs the budding and fission of vesicles
into the lumen of the endosome and the sequestration of cargo
proteins in the vesicle. Defects in ESCRT proteins prevent
internal vesicle formation and result in exaggerated class E
compartments (9, 15).

Na™/H™ exchangers (NHEs) are ubiquitous membrane pro-
teins found in various species from yeast to humans and higher
plants (16). NHEs exchange sodium (or potassium) for protons
across the membranes and play an important physiological role
in the regulation of intracellular pH and sodium ion concentra-
tion (17-22). Although NHE1-5 are mainly found in plasma
membranes, NHE6-9 are mainly distributed to organellar
membranes. We have shown previously that in mammalian
cells Na™/H™ exchangers contribute to endosomal pH homeo-
stasis by allowing proton leakage from the endosomal lumen in
cooperation with V-ATPase activity (23-26). The budding
yeast S. cerevisiae also expresses Na*/H" exchangers, one of
which, Nhxlp, localizes to the late endosomes (prevacuolar
compartment) and is highly homologous to the NHEs found in
mammalian cells (27, 28). When grown in medium with
extremely low pH (<4.0), NHXI-disrupted (nhx1A) cells show
defects in cell growth and excess acidification of the vacuolar
lumen compared with wild-type cells (28, 29), suggesting that
Nhx1p also contributes to pH homeostasis of organelles. In
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TABLE 1
Yeast strains used in this study
Strains Genotype Reference

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Ref. 31
W303-1B MATa ade2-1 his3-11,15 leu3112 trp1-1 ura3-1,60 canl-100 Ref. 32
MKY0804 MATa his3A1 leu2A0 lys2A0 ura3A0 nhx1A:hisS This study
MKY0614 MATa ade2-1 his3-11,15 leu3112 trp1-1 ura3-1,60 canl-100 nhx1A:LEU2 Ref. 28
MKY0806 MATa his3A1 leu2A0 lys2A0 ura3A0 vps27A::hisS This study
MKY1001 MATa his3A1 leu2A0 lys2A0 ura3A0 snf7A:his5 This study
VPS27-TAP MATa his3A1 leu2A0 met1SA0 ura3A0 VPS27-TAP::HIS3MX6 Open Biosystems
SNF7-TAP MATa his3A1 leu2A0 met1SAO ura3A0 SNF7-TAP::HIS3MX6 Open Biosystems
YYY01 MATa his3A1 leu2A0 met1SA0 ura3A0 VPS27-TAP::HIS3MX6 nhx1A:LEU2 This study
YYYO02 MATa his3A1 leu2A0 met15A0 ura3A0 SNF7-TAP:HIS3MX vps27A:LEU2 This study

addition, loss of NHX1 causes a VPS phenotype that is charac-
terized by the missorting of vacuolar carboxypeptidase Y to the
extracellular space, improper transport of vacuolar proteins,
and enlargement of the late endosomes (class E compartment)
(29, 30). Accordingly, the NHX1 gene is allelic to VPS44, which
was classified as belonging to the class E VPS genes (30).

Although the precise role of each ESCRT complex, including
class E proteins, in internal vesicle formation, fission, and cargo
sorting of MVB has been studied extensively (11-13), there is
no direct evidence that Nhx1p contributes to MVB formation.
Furthermore, the potential role of pH in MVB formation has
not been considered thus far. Here, we established an in vitro
assay system to analyze MVB formation and demonstrated that
Nhx1p contributes directly to MVB formation. Moreover, we
showed that Nhx1p is required for endosomal recruitment of
ESCRT proteins. Our results suggest a functional relationship
between Nhx1p activity and MVB formation.

EXPERIMENTAL PROCEDURES

Strains, Media, and Growth Conditions—S. cerevisiae strains
used in this study were derived from BY4742 (31) or W303-1B
(32) strains and are listed in Table 1.

Standard yeast culture and genetic manipulations were per-
formed as described by Sherman et al. (33). Transformation of
yeast cells was performed by the lithium acetate method (33).
All yeast strains were routinely cultured at 30 °C in YPAD
medium (1% yeast extract, 2% peptone, 40 mg/liter adenine,
and 2% glucose), SD medium (0.17% yeast nitrogen base with-
out ammonium sulfate and amino acids, 0.5% ammonium sul-
fate, and 2% glucose) supplemented with the appropriate nucle-
otides and amino acids, or APG medium (10 mm arginine, 8 mm
phosphoric acid, 2 mm MgSO,, 1 mm KCl, 0.2 mm CaCl,, 2%
glucose, and trace minerals and vitamins) (34). The pH of the
APG medium was adjusted to 5.5 by the addition of phosphoric
acid. The Escherichia coli strain JM109 was used to propagate
the plasmids. E. coli cells were cultured in L broth with an anti-
biotic appropriate for the selection of transformants, as
described previously (35).

Yeast Lysate and Membrane Preparation—Yeast cells were
grown at 30 °C in YPAD medium to early log phase, harvested,
washed with distilled water and Tris sulfate-DTT buffer (100
mM Tris sulfate (pH 9.4), and 10 mm DTT), and then suspended
in spheroplast buffer (1.0 m sorbitol and 0.75X yeast extract/
peptone/dextrose medium). The cells were converted to
spheroplasts by the addition of zymolyase and incubated for 30
min at 30 °C with gentle shaking. The resulting spheroplasts
were collected by centrifugation through a cushion of 1.4 m
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sorbion and suspended in reaction buffer A (0.4 M sorbitol, 20
mwm HEPES, 150 mm KCl, 1 mm DTT, and 5 mM magnesium
acetate, pH adjusted to 7.2 with KOH) containing 1 mMm phen-
ylmethylsulfonyl fluoride (PMSF), 1 ug/ml leupeptin, 1 ug/ml
pepstatin, and 1 ug/ml aprotinin. The cells were homogenized
on ice by 10 passes through a 26-gauge needle with a 1-ml
syringe and then centrifuged twice at 400 X g for 5 min at 4 °C.
The resulting supernatant was used as yeast lysate, which was
further centrifuged at 13,000 X gfor 15 min at 4 °C to obtain the
endosome-rich membrane. The resulting pellet (P13 mem-
brane) was resuspended in reaction buffer A at a final protein
concentration of 5 mg/ml.

Yeast Cytosol Preparation—Yeast cells were grown at 30 °C
in YPAD, harvested, resuspended in reaction buffer A supple-
mented with protease inhibitors, and ground in a mortar using
liquid nitrogen. The lysate was centrifuged at 10,000 X g for 10
min and 100,000 X g for 1 h to sediment membranes. The
supernatants were stored at —80 °C.

In Vitro Assay for MVB Formation—A 270-ul aliquot of yeast
lysate (5 mg/ml) was mixed on ice with 100 mm 8-hydroxypyr-
ene-1,3,6-trisulfonate (HPTS) (Invitrogen, Molecular Probes)
(3 ul) and ATP-regenerating solution (30 ul). The ATP-regen-
erating solution consisted of 10 mm ATP-potassium salt
(Sigma), 400 mm phosphocreatine (Nacalai Tesque), and 100
units/ml creatine phosphokinase (Nacalai Tesque). This mix-
ture was incubated at 30 °C for the indicated times. For assays
using endosome-rich membranes, 50 ul of P13 membrane (5
mg/ml) was incubated with 220 ul of BSA (5 mg/ml) or cytosol
(5 mg/ml) in the presence of 1 mm HPTS and ATP-regenerating
solution at 30 °C for 30 min. To test the pH dependence of MVB
formation, yeast lysates were prepared in reaction buffer B (0.4
M sorbitol, 50 mm MES, 50 mm HEPES, 75 mm KCl, 75 mm
NaCl, 200 mmM ammonium acetate, 10 mm NaN;, 10 mm 2-de-
oxy-D-glucose, pH adjusted to 6.0 or 7.0 with acetic acid or
KOH, respectively) containing 1 mm PMSEF, 1 nug/ml leupeptin,
1 pg/ml pepstatin, and 1 ug/ml aprotinin. When indicated,
ionophores (10 uM nigericin and 75 wM monensin) were added.
A 300-pul aliquot of yeast lysate was incubated at 30 °C for 30
min in the presence of 1 mm HPTS. The appropriate volume of
8.5% phosphoric acid (0-7.9 ul) or 1 M Tris solution (0-5.6 ul)
was added to adjust the pH to the desired values. All reactions
were stopped on ice and centrifuged at 13,000 X g for 30 min at
4 °C to isolate the membranes. The membranes were again sus-
pended in 500 ul of reaction buffer A containing 20 mm p-xy-
lene-bispyridinium bromide (DPX) (Invitrogen, Molecular
Probes). Fluorescence intensity (emission wavelength (A,,) =
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510 nm) was recorded at the excitation wavelength (A, = 300 —
500 nm) by an FP-750 fluorometer (Jasco). The fluorescence of
HPTS at A, = 417 nm was applied to quantify the amount of
HPTS trapped in MVB vesicles. For measurement of the pH in
MVB vesicles, the fluorescence of HPTS at A, = 417 and 463
nm was measured. For the standard curve, the fluorescence of
HPTS was measured in pH calibration buffers containing DPX
(50 mm MES, 50 mm HEPES, 75 mm KCI, 75 mm NaCl, 200 mm
ammonium acetate, 10 mm NaNj;, 10 mm 2-deoxy-p-glucose, 20
mM DPX, 10 uMm nigericin, and 75 uM monensin at pH 5.5, 6.0,
6.5,7.0,7.5, 8.0, and 8.5).

OptiPrep Density Gradient Centrifugation—For the in vitro
MVB assay, the mixtures obtained after incubation at 4 °C or
30 °C were centrifuged at 200,000 X g for 1 h at 4 °C to isolate
the membranes. The pellets were resuspended in 0.8% sorbitol-
triethanolamine buffer (0.8% sorbitol, 10 mm triethanolamine,
1 mm EDTA-2Na", pH adjusted to 7.4 with acetic acid). The
suspensions (150 ul) were supplemented with a solution (1050
pl) of 40% OptiPrep (Sigma), 0.8% sorbitol-triethanolamine
buffer to a final concentration of 35% OptiPrep and then over-
laid with 10 ml of 12-30% density gradient OptiPrep, 0.8% sor-
bitol-triethanolamine buffer. The samples were subjected to
centrifugation at 100,000 X gfor 16 hat4 °C, and 19 fractions of
equal volume were collected from the top of each tube. The
HPTS level in the fractions was measured with a fluorometer
and analyzed by SDS-PAGE and immunoblotting.

Subcellular Fractionation—For determination of the amount
of Vps27p bound to endosomal membranes, fractionation of
proteins into membrane-associated pellet and soluble cytosolic
fractions was performed as described for yeast lysate and mem-
brane preparation. Yeast cells expressing Vps27p-TAP grown
at 30 °C in YPAD medium were converted to spheroplasts by
the addition of zymolyase. The resulting spheroplasts were sus-
pended in reaction buffer A containing protease inhibitors,
homogenized on ice by 10 passes through a 26 gauge needle
with a 1-ml syringe, and then centrifuged twice at 400 X gfor 5
min at 4 °C. The resulting supernatant was used as the total
fraction. The total fraction was further centrifuged at 13,000 X
gfor 15 min at4 °C to obtain the P13 pellet and S13 supernatant.
The fractions were resolved by SDS-PAGE and analyzed by
immunoblotting using anti-TAP and anti-Pep12p antibodies.
Late endosome-localized t-SNARE (Pep12p) was examined as
the endosomal membrane-associated control. To determine
the pH dependence of the Snf7p-endosome interaction, a
spheroplast of yeast cells expressing Snf7p-TAP was suspended
in reaction buffer B containing protease inhibitors, homoge-
nized on ice by 10 passes through a 26-gauge needle with a 1-ml
syringe, and then centrifuged twice at 400 X g for 5 min at 4 °C.
An appropriate volume of 8.5% phosphoric acid (0-7.9 ul) or 1
M Tris solution (0-5.6 ul) together with ionophores (10 um
nigericin and 75 uMm monensin) was then added to an equal
volume of the resulting supernatants to adjust the pH to desired
values. After incubation at 30 °C for 30 min, lysates were cen-
trifuged at 13,000 X g for 15 min at 4 °C for separation into the
P13 pellet and S13 supernatant. The fractions were resolved by
SDS-PAGE and analyzed by immunoblotting using anti-TAP
antibody.
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SDS-PAGE, Immunoblotting Analysis, and Antibodies—Pro-
tein samples were subjected to electrophoresis in 10 or 12.5%
SDS-polyacrylamide gels. The separated proteins were trans-
ferred to a hydrophobic polyvinylidene fluoride filter (Milli-
pore), which was incubated with 5% skim milk in PBST buffer
(7.81 mm Na,HPO,, 1.47 mm KH,PO,, 137 mm NaCl, 2.68 mm
KCl, and 0.1% Tween 20) and then exposed to primary antibod-
ies. After multiple washes with PBST buffer, the membranes
were incubated with horseradish peroxidase-conjugated sec-
ondary antibodies. Immunoreactive bands were visualized by
the enhanced chemiluminescence method (GE Healthcare).
Rabbit anti-TAP antibody was purchased from Open Biosys-
tems. Mouse anti-Pep12p, Vphlp, and 3-phosphoglycerate
kinase (Pgklp) antibodies were purchased from Invitrogen,
Molecular Probes. Goat anti-Pmalp antibody was purchased
from Santa Cruz. Horseradish peroxidase-conjugated second-
ary antibodies against mouse and goat IgG were purchased
from Jackson ImmunoResearch Laboratories or Vector
Laboratories.

Fluorescence Microscopy—Yeast cells grown to log phase at
30 °C in APG medium were directly observed at room temper-
ature in APG medium or pH calibration buffer under a fluores-
cence microscope (BX-51, Olympus) equipped with NIBA (for
EGFP) or WIG (for FM4-64 and mCherry) filter sets. A
UPlanApo 100X /NA 1.35 oil-immersion objective was used.
Images were recorded using an ORCA-ER1394 digital camera
(Hamamatsu Photonics) under the control of Aquacosmos
software (Hamamatsu Photonics). For FM4-64 staining, yeast
cells grown exponentially were harvested, suspended in fresh
yeast extract/peptone/dextrose or APG medium (ODg,, =
10-20), and incubated with FM4-64 dye (Invitrogen, Molecu-
lar Probes) at a final concentration of 4 uM. After incubation for
30 min, the cells were washed three times with yeast extract/
peptone/dextrose or APG medium and then immediately
observed by fluorescence microscopy (BX51, Olympus). All
confocal images were acquired at room temperature with a
laser scanning microscope (FV1000D, Olympus). Lysate from
cells expressing Pepl2p-mCherry incubated with HPTS was
placed on a glass-bottom dish (Matsunami Glass) after the
addition of 100 mm DPX. The sample was excited with an argon
laser (488 nm) and a HeNe laser (543 nm), and the emission was
collected at 500-530 nm for HPTS and at 580—-680 nm for
mCherry. Adobe Photoshop CS4 (Adobe) was used for data
acquisition. For pH measurement, fluorescence was captured
by a Fluoview FV1000D confocal laser scanning microscope
(Olympus), as detailed below.

Measurement of Endosome Luminal and Cytoplasmic pH—
To measure intracellular pH, images were obtained at room
temperature using a Fluoview FV1000D confocal laser scanning
microscope (Olympus) equipped with a UPlanSApo 100X/NA
1.40 oil immersion objective (Olympus). For measurement of
endosome luminal pH, a late endosome-targeting ratiometric
pH probe (Pepl12p-EGFP-mCherry) was constructed by the
fusion of two fluorescent proteins (EGFP-mCherry) to the C
terminus of the late endosome-localized t-SNARE protein
(Pep12p). Yeast cells expressing Pep12p-EGFP-mCherry were
grown to log phase at 30 °C in APG (pH 5.5), medium and
attached to a glass-bottom dish coated with concanavalin A.
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The samples were excited with an argon laser (488 nm) and a
HeNe laser (543 nm), and the emissions were collected at 500 —
530 nm for EGFP and 580 — 680 nm for mCherry. For measure-
ment of cytoplasmic pH, yeast cells expressing the cytoplasmic
pH probe (pHluorin or pHluorin-Vps27p) were grown in APG
medium to log phase at 30 °C and fixed on a glass-bottom dish
coated with concanavalin A. The cells were sequentially excited
with an LD laser (405 nm) and an argon laser (488 nm), and the
emissions were collected at 500 — 600 nm. For the pH standard
curve, the images were acquired in pH calibration buffers (50
mM MES, 50 mm HEPES, 75 mm KCl, 75 mm NaCl, 200 mm
ammonium acetate, 10 mm NaNj, 10 mm 2-deoxy-D-glucose, 10
M nigericin, and 75 uwM monensin at pH 5.0, 5.5, 6.0, 6.5, and
7.0). All quantifications were performed on background-sub-
tracted images of 50-100 cells using MetaMorph software
(Molecular Devices).

RESULTS

Endosomal Na™/H" Exchange Activity Is Required for Effi-
cient Transport of Cpslp to the Vacuole Lumen—To investigate
whether Nhx1p is required for the sorting of vacuolar proteins
via the MVB pathway, the vacuolar delivery of carboxylpepti-
dase S (Cpslp), a typical MVB cargo in yeast cells, was moni-
tored (Fig. 1A). A precursor form of the yeast vacuolar enzyme
Cpslp is synthesized as an integral membrane protein in the
endoplasmic reticulum, transported directly from the Golgi
complex to the endosomes, and sorted into the internal vesicles
of the MVBs (36). Fusion of MVBs containing the precursor to
the vacuole results in delivery of the precursor into the vacuole
lumen, where the precursor is proteolytically cleaved and
released from its transmembrane anchor to produce the soluble
mature form of the enzyme (36). GFP-Cpslp, in which GFP is
fused to the N terminus of the enzyme, was observed in the
vacuole lumen in wild-type cells (Fig. 14), indicating that GFP-
Cpslp had been properly delivered. In nhxIA cells, although
some of the GFP-Cpslp was present as diffuse fluorescence in
the vacuolar lumen, most was mislocalized to a large punctate
structure adjacent to the vacuole (Fig. 1A). These results sug-
gest that Nhx1p is required for the efficient transport of Cpslp
into the vacuole lumen. FM4-64, a fluorescent lipophilic dye
that intercalates into the plasma membrane and is internalized
into the vacuolar membrane by endocytosis, was localized in
the limiting membrane of the vacuole in wild-type cells (Fig.
1A). In the class E vps27A mutant, FM4-64 is known to accu-
mulate in an enlarged late endosome called a class E compart-
ment (Fig. 1A4; Ref. 37). In nhx1A cells, FM4-64 labeled one or
two large punctate structures located adjacent to the vacuole,
similar to the localization observed in vps27A cells (Fig. 1A).
The signal of the mislocalized GFP-Cps1p colocalized with the
FM4-64-labeled class E compartment, suggesting that deletion
of NHX1 causes impaired MVB formation.

Negatively charged residues are putatively involved in the
ion-transport activity of Nhx1p (30). To confirm that Nhx1p
activity is required for the correct delivery of GFP-Cpslp into
the vacuole lumen, the intracellular localization of GFP-Cpslp
was analyzed in nhxIA cells transformed with plasmids carry-
ing either wild-type NHXI or mutant Nhx1p (Nhx1p-E225Q/
D230N), in which two negatively charged residues, Glu-225 and
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Asp-230, were replaced by Gln and Asn. Although the growth
of yeast cells expressing wild-type Nhx1p is resistant to
hygromycin, the expression of mutant Nhxlp induced
hygromycin sensitivity (supplemental Fig. S1), confirming
that mutant Nhx1p has lost ion-transport activity. In nhxIA
cells, expression of wild-type Nhx1p restored localization of
GFP-Cpslp to the vacuole lumen, whereas expression of
mutant Nhx1p did not affect the abnormal accumulation of
GFP-Cpslp (Fig. 1B). These observations support the notion
that the ion-transport activity of Nhxlp is required for
proper delivery of Cpslp into the vacuole lumen via the MVB
pathway.

Establishment of an in Vitro Biochemical Assay System for
MVB Formation—In previous MVB studies, internal vesicles in
the endosomes have been observed by electron microscopy
(EM) (15, 38). However, quantification of MVB formation by
EM analysis is limited. Because nix1A cells show a weaker phe-
notype than vps27A or snf7A cells (Fig. 1A), a more sensitive
quantitative assay for MVB formation was needed. To assess
the contribution of Nhx1p to MVB formation, a cell-free bio-
chemical assay system was developed. MVB vesicles form by
inward budding of the endosomal membrane into the lumen of
the endosome. Assuming that soluble cytoplasmic materials
trapped in the MVBs become inaccessible from the cytoplasm,
yeast cell lysate containing endocytic vesicles was prepared (as
described under “Experimental Procedures”). The lysates were
then incubated with the water-soluble and membrane-imper-
meable fluorescence dye HPTS in buffer containing ATP-re-
generating solution at 30 °C (Fig. 2A4). The reaction was stopped
by placing the samples on ice, and the membrane vesicles were
isolated by centrifugation and resuspended. To quench the
residual fluorescence of HPTS outside the MVBs, membrane-
impermeable DPX was added to the buffer (Fig. 24). Thus, the
fluorescence of the entrapped HPTS could be measured by
fluorescence microscopy. In control lysates, HPTS-derived
fluorescent signals were observed as a few punctate struc-
tures after incubation for 3 min at 30 °C (Fig. 2C). The fluo-
rescence intensity of the HPTS signal increased after a longer
incubation period of 30 min (Fig. 2C). When lysates prepared
from yeast cells expressing Pep12p-mCherry (Fig. 2B) as a
marker of late endosomes were used, most of the HPTS sig-
nal colocalized with the late endosome marker (Fig. 2C).
HPTS fluorescence measured at 510 nm is pH-dependent
when excited at 463 nm but pH-independent when excited at
417 nm (Fig. 2D). Thus, the fluorescence of HPTS at A, =
417 nm was applied to quantify HPTS entrapped in MVB
vesicles (Fig. 2E). After incubation for 30 min at 30 °C, the
HPTS signal was approximately 5 times higher than at 4 °C,
and DPX-protected HPTS signals disappeared in the pres-
ence of detergent (Fig. 2E). Freeze-thawing did not increase
the HPTS signal after incubation at 30 °C (Fig. 2E). These
observations strongly suggest that the HPTS was seques-
tered into membrane vesicles.

To further characterize dye uptake, yeast lysates incubated
with HPTS were fractionated by OptiPrep density gradient cen-
trifugation (Fig. 3, A and B). Most of the HPTS-derived fluores-
cence signals after incubation at 4 °C were detected in the bot-
tom fractions (fractions 17-19). However, after incubation at

VOLUME 286+NUMBER 43-OCTOBER 28, 2011


http://www.jbc.org/cgi/content/full/M111.260612/DC1

A DIC

B ~ GFP-Cpsip

empty vector |

NHX1

NHX1-

GFP-Cps1ip

Role of Nhx1p in MVB Formation

FM4-64 Merge

FM4-64

is shown. Wild-type (BY4742), nhx1A (MKY0804), and vps27A (MKY0806) yeast strains transformed with pRS316GAP1p-GFP-CPS1 were grown to logarithmic
phase in APG medium adjusted to pH 5.5 and stained with FM4-64 dye. The intracellular localization of GFP-Cps1p (green) and FM4-64 (magenta) was observed
under a fluorescence microscope. Arrows indicate class E compartments. Scale bars, 5 um. B, shown is the effect of Nhx1p activity on GFP-Cps1p transport into
the vacuolar lumen. Yeast strain nhx1A cells (MKY0614) expressing GFP-Cps1p were transformed with pRS314 (empty vector), pRS314-NHX1-FLAG (NHXT), or
pRS314-NHX1-E225Q/D230N-FLAG (NHX1-E225Q/D230N). The cells were grown to logarithmic phase in APG medium (pH 5.5) and stained with FM4-64 dye.
The intracellular localization of GFP-Cps1p (green) and FM4-64 (magenta) was observed under a fluorescence microscope. Arrows indicate class E compart-

ments. Scale bars, 5 um.

30 °C, fluorescence was observed in the top fractions (fractions
1-4) as well as the bottom fractions (Fig. 34). Inmunoblotting
experiments using antibodies against several organelle-specific
markers indicated that the top fractions contained the organel-
lar membranes of the late endosomes (Pep12p) and vacuoles
(Vphlp) but not the plasma membranes (Pmalp) or cytosol
(3-phosphoglycerate kinase) (Fig. 3B). In addition, in in vitro
assay, the endosome-enriched membrane fraction (P13 mem-
branes) showed significant HPTS uptake (Fig. 3C). These
results indicate that the increasing HPTS signals during incu-
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bation correspond to the uptake of dye into the late endosomes.
A major characteristic of endosomes is the acidic pH of their
lumen. However, the pH of the internal vesicles is not known.
The ratio of HPTS fluorescence (A, = 510 nm) at A, = 417
and 463 nm can be fit to the sigmoid curve between pH 5.5 and
8.5.* From this calibration curve, the pH surrounding HPTS
entrapped in late endosomes during the MVB formation assay

4K. Mitsui, Y. Koshimura, Y. Yoshikawa, M. Matsushita, and H. Kanazawa,
unpublished data.
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FIGURE 2. Temperature- and ATP-dependent HPTS uptake into membrane vesicles. A, shown is a schematic representation of the cell-free assay for MVB
formation. Yeast lysates were incubated with HPTS (green circles) at 30 °C in the presence of ATP. After incubation, HPTS taken up into the endosomes was
protected from DPX, whereas HPTS that remained outside the endosomes was quenched by DPX (gray circles). B, shown is intracellular localization of
Pep12p-mCherry. Wild-type cells (BY4742) transformed with pRS316GAP1p-PEP12-mCherry were grown to logarithmic phase in APG medium (pH 5.5) at 30 °C
and observed with a fluorescence microscope. Arrows indicate the location of signals for Pep12-mCherry. Scale bars, 5 um. C, yeast cells (BY4742) expressing
Pep12p-mCherry were grown to early logarithmic phase in APG medium (pH 5.5) at 30 °C, converted to spheroplasts, and disrupted as described under
“Experimental Procedures.” The resulting lysates were incubated with 1 mm HPTS at 30 °C for the indicated time. After treatment with DPX, the lysates were
immediately observed under a laser confocal microscope. Arrows indicate the positions of HPTS signals. Scale bars, 5 um. D, shown is pH dependence of HPTS
fluorescence. Fluorescence intensity of HPTS was measured with excitation at 417 nm (closed circle) and 463 nm (open triangle) in a 150 mm NaCl solution
adjusted topH 5.5, 6.0,6.5,7.0,7.5,8.0, or 8.5 with 20 mm MES (pH 5.5-6.5) and HEPES (pH 7.0-8.5). A.U., absorbance units. E, shown is characterization of HPTS
uptake into late endosomes. Lysate prepared from wild-type cells (BY4742) was incubated with 1 mm HPTS dye for 30 min at 4 °C or 30 °Ciin the presence of an
ATP-regenerating solution (black bars, control) or without ATP (hatched bars, + ATP depletion). The amount of HPTS trapped in late endosomes was quantified
by a fluorometer after the addition of DPX. Lysates with detergent (gray bars, + Triton X-100) or freeze-thawed (white bars, + Freeze Thaw) were used in this
assay. Data express the HPTS level relative to control at 30 °C and represent the means = S.D. of at least three independent experiments.

was calculated to be 6.99 * 0.06, similar to that of the reaction Vpsdp has ATPase activity and is directly involved in MVB
buffer (pH 7.2). This result suggests that the pH of MVB vesicles  formation (14). When ATP in the reaction buffer was com-
is maintained at cytoplasmic pH in vivo. This result supports pletely hydrolyzed by apyrase, the efficiency of HPTS uptake
that HPTS was not incorporated into the endosomal lumenand ~ was reduced by ~40% (Fig. 2E). Together, these results indicate
that HPTS was most likely present in the internal vesicles of the  that HPTS uptake is temperature- and ATP-dependent, which
MVBs. is consistent with MVB formation.
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FIGURE 3. HPTS is incorporated into endosomal membranes during incubation. A and B, wild-type cells (BY4742) were grown to logarithmic phase in YPAD
medium at 30 °C, converted to spheroplasts, and disrupted as described under “Experimental Procedures.” The resulting lysate was subjected to 12-30%
OptiPrep density gradient centrifugation after incubation with HPTS at 4 or 30 °C for 30 min in the presence of ATP-regenerating solution. Next, 19 fractions of
equal volume were collected from the top of the tube. The HPTS level in each fraction was quantified with a fluorometer (A) and analyzed by SDS-PAGE and
immunoblotting using anti-Pep12p (late endosome), anti-Vph1p (vacuole), anti-Pma1p (plasma membrane), and anti-3-phosphoglycerate kinase (cytoplasm)
antibodies (B). A.U., absorbance units. C, wild-type cells (BY4742) were grown to early logarithmic phase in YPAD medium, converted to spheroplasts, and
disrupted. The resulting lysate was further centrifuged at 13,000 X g for 15 min to obtain endosome-enriched membranes (P13 membranes). The P13
membranes were incubated with BSA or a cytosolic fraction in the presence of the ATP-regenerating solution at 4 or 30 °C for 30 min. HPTS uptake was
quantified with a fluorometer. Data express the HPTS level relative to that of the P13 membrane + cytosol at 30 °C and represent the means = S.D. of at least

three independent experiments.

Loss of the Endosomal Na™/H" Exchanger Impairs MVB
Formation—To confirm that the in vitro assay system estab-
lished here reflects MVB formation in vivo, the effect of deple-
tion of Vps27p and Snf7p was assessed (Fig. 4). The vps27A and
snf7A cells are defective in internal vesicle budding in vivo (3, 8).
In these cells uptake of HPTS increased in a time-dependent
manner and reached a plateau at 30 min (Fig. 44). Lysates from
vps27A and snf7A cells exhibited a decrease in HPTS uptake
after incubation for 30 min (Fig. 4B). Furthermore, when wild-
type cytosol (including cytosolic ESCRT proteins) was added to
the P13 membranes, HPTS uptake was significantly increased
(Fig. 3C). These results suggest that in vitro MVB formation is
inhibited upon loss of ESCRT proteins (Vps27p or Snf7p) and
support the notion that the HPTS uptake in this assay depends
on the formation of MVB vesicles in endosomes. MVB forma-
tion was also measured in nhxIA cells (Fig. 4). HPTS uptake in
nhxIA cells was reduced by ~30% compared with wild-type
cells (Fig. 4, A and B). These results strongly suggest that Nhx1p
is required for the efficient formation of MVB vesicles.

Loss of Nhx1p Activity Affects the Endosomal Localization of
ESCRT Proteins—Because MVB formation requires the
ordered recruitment of ESCRT-O0, -I, -II, and -III complexes to
the endosome (3), the role of Nhx1p in the recruitment of
ESCRTs to the endosomal membranes was analyzed (Fig. 5).
When ESCRT-0/GFP-Vps27p was overexpressed under the
control of the GAPI promoter, no difference in intracellular
localization was observed between wild-type and nhxIA cells.*
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Next, GEP-Vps27p was expressed under the control of its own
promoter in a low-copy plasmid. In wild-type cells, GFP-
Vps27p localized to smaller and more punctate structures (Fig.
5A) than when it was overexpressed. GFP-Vps27p partially
colocalized with Nhx1p-mCherry at the punctate structures,
which presumably correspond to endosomes (supplemental
Fig. S3A). In nhxIA cells, GFP-Vps27p displayed increased
cytoplasmic distribution, although GFP-Vps27p localization at
one or two large punctate structures (class E compartments)
was also observed (Fig. 54). Vps27p bound to endosomal mem-
branes was quantified in lysates prepared from wild-type and
nhxIA cells containing chromosomally TAP-tagged Vps27p by
immunoblot analysis using anti-TAP antibody (Fig. 5, Band C).
The lysates were separated by centrifugation into the P13 frac-
tion, which contained membranes of vacuoles and endosomes,
and the S13 fraction, which contained soluble proteins and
other organelle membranes (as described under “Experimental
Procedures”). In wild-type cells, most Vps27p was detected in
the P13 fraction (Fig. 5B). Lysate from nhxIA cells exhibited a
significant shift in Vps27p distribution to the S13 fraction (Fig.
5B). The amount of Vps27p in the P13 fraction decreased from
80% in wild-type cells to 55% in nhxIA cells (Fig. 5C). This
suggests that Nhx1p is involved in the recruitment of Vps27p to
the endosomal membrane.

Next, the intracellular localization of ESCRT-III/Snf7p-GFP,
which is recruited to the membrane by ESCRT-0/Vps27p, was
assessed. As expected, the intracellular localization of Snf7p-
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FIGURE 4. Nhx1p mediates the formation of MVB vesicles in endosomes. Wild-type (BY4742), nhx1A (MKY0804), vps27A (MKY0806), and snf7A (MKY1001)
cells were grown to early logarithmic phase in YPAD medium at 30 °C, converted to spheroplasts, and disrupted as described under “Experimental Procedures.”
The resulting lysates were incubated with 1 mm HPTS in the presence of ATP-regenerating solution. A, after incubation at 30 °C for the indicated time periods,
HPTS levels were quantified with a fluorometer. B, HPTS levels from lysates of wild-type (black bars), nhx1A (gray bars), vps27A (white bars), and snf7A (hatched
bars) cells were quantified after incubation for 30 min at 4 °C or 30 °C. Data express the HPTS level relative to wild-type cells at 30 °C and represent the means =+

S.D. of at least four independent experiments.

GFP was significantly affected by disruption of the NHXI gene
(Fig. 5D). Although Snf7p-GFP was distributed in punctate
structures near the vacuole and vacuolar membrane in wild-
type cells, in nhx1A cells it was localized to large punctate struc-
tures (class E compartments) as in vps27A cells (Fig. 5D).
Importantly, cell surface localization of Snf7p-GFP was clearly
observed in nhxIA and vps27A cells but not in wild-type cells
(Fig. 5D). Although the physiological significance of Snf7p
localization to the cell surface is not clear, this observation indi-
cates that the loss of Nhx1p resulted in defective recruitment of
Snf7p to the endosomal membrane. In addition, correct local-
ization of Snf7p-GFP was dependent on the ion-transporting
activity of Nhx1p (Fig. 5E). When colocalization of Nhx1p with
ESCRT proteins was analyzed, Nhx1p was partially colocalized
with Vps27p in the endosomal membrane but not with Snf7p
(supplemental Fig. S3, A and B). These observations suggest
that Nhx1p activity regulates Vps27p function at the endo-
somal membrane.

Recruitment of Vps27p to the Endosomal Membranes Is Con-
trolled by pH—To assess the pH dependence of MVB formation
on the endosomal localization of ESCRT complexes, Vps27p
(ESCRT-0), Vps23p (ESCRT-I), Vps36p (ESCRT-II), and Snf7p
(ESCRT-III) were chosen as representative components of each
known ESCRT complex. Yeast cells expressing each ESCRT
protein tagged with EGFP under the control of the GAPI pro-
moter were suspended in ionophore buffer with a pH range
from 5.5to0 7.5 (as described under “Experimental Procedures”).
Localization was observed immediately to examine the direct
effect of pH on the interaction between ESCRT's and endosomal
membranes. GFP-Vps27p exhibited obvious pH-dependent
endosomal localization. In yeast cells grown in normal medium
(APG medium with a pH of 5.5), GFP-Vps27p localized to the
large punctate structure (Fig. 6A), similar to the Pep12p-posi-
tive compartment seen in Fig. 2B. After suspension in iono-
phore buffer at pH 5.5, GFP-Vps27p was strongly targeted to
the endosomal membranes (Fig. 6B8). When the pH was pro-
gressively increased, the amount of membrane-bound GFP-
Vps27p diminished, and diffused GFP-Vps27p appeared in the
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cytoplasm (Fig. 6B). Vps27p binds directly to endosomal lipid
phosphatidylinositol 3-phosphate (PI(3)P) through its FYVE
domain (a zinc finger domain highly conserved in Fablp,
YOTB, Vaclp, and EEA1 proteins (10)). In agreement with this,
the interaction of the FYVE domain in the mammalian EEA1
protein with a PI(3)P lipid is pH-dependent (39). In wild-type
cells, GFP-Vps27p-H190A/H191A, in which the His-190 and
His-191 residues in the FYVE domain were replaced by Ala
residues (39, 40), was distributed in the cytoplasm at all pH
levels (Fig. 6, Cand D), indicating that the interaction of Vps27p
with PI(3)P in the endosomal membrane via its FYVE domain is
pH-dependent. In contrast, the endosomal localization of other
ESCRT proteins (Vps23p, Vps36p, and Snf7p) was not affected
by pH (supplemental Fig. S2). When yeast cells expressing
Snf7p-TAP were exposed to the ionophore buffers, Snf7p-TAP
levels bound to endosomal membranes did not change without
incubation (supplemental Fig. S3C; wild type, 0 min), in agree-
ment with microscopic observations (supplemental Fig. S2C).
However, after longer exposure, endosomal localization of
Snf7p-TAP changed in a pH-dependent manner similar to
Vps27p (supplemental Fig. S3C, wild type, 30 min). No pH
dependence of membrane-associated Snf7p was observed in
vps27A cells (supplemental Fig. S3C, vps27A, 30 min). These
results indicate that pH-dependent recruitment of Vps27p to
endosomes affects the endosomal targeting of downstream
ESCRT proteins, such as Snf7p.

In Vitro MVB Formation Is pH-dependent—To confirm
whether the change in ESCRT recruitment to the endosomal
membrane affected by pH causes defective formation of MVB
vesicles in the endosome, the pH dependence of in vitro MVB
formation was assessed (Fig. 7). HPTS uptake was quantified for
endosomes in which the outside pH was clamped at a desired
level. HPTS uptake gradually decreased as the pH increased
(Fig. 7A). These results indicated that efficient MVB formation
was maintained at an acidic pH but was inhibited at neutral pH
and are consistent with the pH dependence of the Vps27p-
endosome interaction (Fig. 6). However, the possibility existed
that the pH gradient between the outside and the inside endo-
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FIGURE 5. Nhx1p activity is required for the endosomal recruitment of ESCRT proteins. A, intracellular localization of GFP-Vps27p in wild-type and nhx1A
cellsis shown. Wild-type (BY4742) or nhx1A (MKY0804) cells expressing GFP-Vps27p (pRS316-GFP-VPS27) with its own promoter and a low-copy plasmid were
grown to logarithmic phase in APG medium (pH 5.5) at 30 °C and then observed with a fluorescence microscope. Arrows indicate class E compartments. Scale
bars, 5 um. B, subcellular fractionation and immunoblotting analysis of wild-type (VPS27-TAP) or nhx1A (YYYO1) cells expressing Vps27p-TAP is shown. Lysate
(total) was separated into a membrane-associated pellet (P13) and soluble cytosolic (S73) fraction. Each fraction was resolved by SDS-PAGE and analyzed by
immunoblotting using anti-TAP and anti-Pep12p antibodies. Pep12p was used as the endosomal membrane-associated control. C, the intensity of the
immunoreactive bands was quantified using Image J software, and the amounts of Vps27p-TAP in the P13 (black bars) and S13 (gray bars) fractions are shown
as the relative intensity (%) compared with Vps27p-TAP in the total fraction. Data shown are the average of three independent experiments = S.D. D, shown
is intracellular localization of the ESCRT-III protein Snf7p-GFP. Wild-type (BY4742), nhx1A (MKY0804), and vps27A (MKY0806) cells transformed with pRS316-
SNF7-GFP were grown to the logarithmic phase in APG medium (pH 5.5) and observed with a fluorescence microscope. Arrows indicate the class E compart-
ments. Scale bars, 5 um. E, contribution of Nhx1p activity to Snf7-GFP localization is shown. nhx1A (MKY0614) cells expressing Snf7p-GFP were transformed
with pRS314 (empty vector), pRS314-NHX1-FLAG (NHXT1), or pRS314-NHX1-E225Q/D230N-FLAG (NHX1-E225Q/D230N). The cells were grown to logarithmic
phase in APG medium (pH 5.5) and observed with a fluorescence microscope. Arrows indicate the class E compartments. Scale bars, 5 um.

some was required for MVB formation. Therefore, the assay the pH of the buffer was 7.0, similar to the cytoplasmic pH of
was repeated in the presence of two proton ionophores, nigeri-  yeast cells (Fig. 6B). Therefore, the pH was measured in the bulk
cin and monensin, in order to dissipate the pH gradient across  cytoplasm and at the cytoplasmic surface of the endosome
the endosomal membranes. The result was the same (Fig. 7B), where Vps27p is localized (Fig. 8). Free pHluorin or pHluorin-
indicating that a transmembrane pH gradient is not required. fused Vps27p (pHluorin-Vps27p) was overexpressed in yeast
These observations imply that the in vitro formation of MVB  cells, as low level expression of the probe did not produce suf-
vesicles depends on the outside pH of endosomes but notonthe ficient fluorescence for ratio imaging analysis. In wild-type
inside pH. cells, free pHluorin or pHluorin-Vps27p was correctly localized

The Cytoplasmic Surface of the Endosome Is Acidified Com- in the cytoplasm or the late endosome, respectively (Fig. 8, A
pared with the Overall Cytoplasmic Space—GFP-Vps27p was and B). Based on ratio imaging analysis of fluorescence at A, =
not preferentially targeted to the endosomal membranes when 405 nm and A, = 488 nm, the pH at the Vps27p-bound cyto-
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FIGURE 6. Interaction of GFP-Vps27p with the endosomal membrane depends on intracellular pH. A, intracellular localization of GFP-Vps27p in growing
cells is shown. Yeast cells (BY4742) transformed with pRS316GAP1p-GFP-VPS27 were grown to logarithmic phase in APG medium (pH 5.5) at 30 °C and
observed with a fluorescence microscope. Scale bars, 5 um. B, pH dependence of GFP-Vps27 localization is shown. Yeast cells (BY4742) expressing GFP-Vps27p
were collected by centrifugation and resuspended in ionophore buffers adjusted to the indicated pH. Distribution of GFP-Vps27p was immediately observed
under a fluorescence microscope. Scale bars, 5 um. C, intracellular localization of mutant GFP-Vps27p-H190A/H191A in growing cells. Yeast cells (BY4742)
transformed with pRS316GAP1p-GFP-VPS27-H190A/H191A were grown to logarithmic phase in APG medium (pH 5.5) at 30 °C and observed with a fluores-
cence microscope. Scale bars, 5 um. D, shown is pH dependence of mutant GFP-Vps27-H190A/H191A localization. Yeast cells (BY4742) expressing GFP-Vps27p-
H190A/H191A were collected by centrifugation and resuspended in ionophore buffer adjusted to the indicated pH. Distribution of the mutant GFP-Vps27p
was immediately observed under a fluorescence microscope. Scale bars, 5 pm.

plasmic surface was significantly more acidic (6.73 == 0.08) than  showed the same diffused cytoplasmic distribution* as the
the pH of the bulk cytoplasm (7.02 = 0.11) in cells expressing mutant GFP-Vps27p (Fig. 6C). When mutant Vps27p was used
free pHluorin (Fig. 8D). Mutant pHluorin-Vps27p-H190A/ as a pH probe, the pH of the cytoplasm was 6.96 * 0.14 (Fig.
H191A, which did not bind to the endosomal membrane, 8D). These results indicate that the cytoplasmic surface pH of
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FIGURE 7. In vitro MVB formation is pH-dependent. A and B, yeast cells
(BY4742) were grown to early logarithmic phase in YPAD medium, converted
to spheroplasts, and disrupted as described under “Experimental Proce-
dures.” The resulting lysate was incubated with 1 mm HPTS for 30 min at 4 °C
(open circles) or 30 °C (closed circles) at the indicated pH, and trapped HPTS
levels were quantified. The assays were performed in the absence of iono-
phores (A) or in the presence of ionophores (B). Data are expressed as the
HPTS levels relative to pH 5.5 at 30 °C and represent the means = S.D. of at
least three independent experiments.

the endosome is more acidic than the overall cytoplasmic pH
and suggest that acidification of the endosomal surface permits
Vps27p to interact with the endosomal membrane.

The contribution of Nhx1p activity to the cytoplasmic sur-
face pH of endosomes was then analyzed (Fig. 8). Because a
small amount of Vps27p still localized in the class E-like endo-
somes in nhxIA cells (Fig. 5, A—C), pHluorin-Vps27p was used
to measure the endosomal surface pH. In nhxIA cells, overex-
pressed pHluorin-Vps27p was observed in late endosomes (Fig.
8B). The pH of endosomal surface tended to increase upon the
loss of Nhx1p (Fig. 8D). However, no significant difference
between wild-type and nhxIA cells was observed in the overall
cytoplasmic pH (Fig. 8D). These results could indicate that if a
difference in pH between these strains does exist, it is not large
enough to detect by the present approach. This will be further
addressed under “Discussion.”

Role of Luminal pH Regulation by Nhx1p in MVB Formation—
Previous studies have suggested that the luminal pH of organelles
is involved in vesicle formation and membrane fusion and affects
membrane trafficking (41-44). For example, acidification of the
endosomal lumen has been reported to regulate the recruitment of
Arfl or Arf6-GEF (ARNO), known to control the formation and
budding of transport vesicles, to the cytoplasmic surface of endo-
somes (42—44). Therefore, the role of luminal pH regulation by
Nhx1p in MVB formation was examined. Because a technique for
measurement of the endosome luminal pH was not available in
yeast cells, Pep12-EGFP-mCherry was constructed as a ratiomet-
ric pH probe targeted to the lumen of late endosomes (shown
schematically in Fig. 94). This chimeric protein, consisting of the
endosomal t-SNARE protein (Pep12p) and tandem fluorescent
proteins (EGFP and mCherry), localized to the late endosomes in
wild-type cells, as expected (Fig. 9B). In nhxIA cells, Pep12p-
EGFP-mCherry localized to larger punctate structures, possibly
class E compartments (Fig. 9B). When yeast cells were suspended
in pH calibration buffer containing ionophores, the ratio of the
fluorescence intensity of EGFP (pH-dependent) to that of
mCherry (pH-independent) increased linearly from pH 5.0 to 7.0
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(Fig. 9C). Although wild-type cells showed a luminal pH of 6.36 =
0.08, nhx1A cells showed a reduction in luminal pH to 6.08 = 0.09
(Fig. 9D). These results indicate that Nhx1p contributes to the
regulation of endosome luminal pH by means of proton leakage
from the endosome, as do organellar NHEs in mammalian cells
(24, 25). Lowering the pH of the endosome lumen would not
account for the impaired MVB formation in nhxIA cells because
MVB formation observed in vitro was enhanced by acidic pH, as
shown in Fig. 7B.

DISCUSSION

Previous genetic and morphological studies of yeast mutant
cells revealed that Nhx1p is a class E protein (2, 3, 30); however,
the functional role of Nhx1p in MVB formation has not been
reported because no direct assay system for MVB formation
was available. Here, we established an in vitro biochemical assay
that monitors the formation of internal vesicles in the MVB of
yeast cells (Figs. 2—4). This assay provided the first direct dem-
onstration that Nhx1p contributes to MVB formation (Fig. 4).
This assay system also enabled us to assess the contribution of a
putative regulatory factor in MVB formation. Loss of Nhx1p
decreased MVB formation by ~30%, indicating that Nhx1p
activity is important, but not essential, for MVB formation (Fig.
4). This is consistent with the fact that in nhxIA cells, a small
population of Cpslp is correctly delivered to the lumen of the
vacuole (Fig. 14) and that Vps27p remained bound to the mem-
brane (Fig. 5, A-C).

In this study we showed that Nhx1p activity directly regu-
lates the recruitment of ESCRTSs such as Vps27p and Snf7p to
the endosomal membrane (Fig. 5). These findings suggest that
the reduced recruitment of ESCRTs in nhx1A cells is the cause
of impaired MVB formation. Organellar-type NHEs, including
Nhx1p, are likely to mediate electroneutral exchange of sodium
(or potassium) ion for protons (25, 45). Therefore, the loss of
Nhx1p activity resulted in a shift in intracellular sodium, potas-
sium, and proton concentrations. However, Nhx1p activity
does not noticeably change endosomal or cytosolic Na* and K™
concentrations, because of the much higher concentration of
Na* or K" than H™ in cells (46, 47). Thus, we considered the
potential importance of pH in MVB formation. We found that
the interaction between ESCRT-0/Vps27p and the endosomal
membrane was enhanced by the acidic environment of the
cytoplasmic surface of the endosome (Figs. 6 and 8) and that
MYVB formation was dependent on the pH outside of the endo-
some (Fig. 7). The most significant change in GFP-Vps27p dis-
tribution between the endosomal membrane and the cytoplasm
occurred at a physiological pH range of 6.0-7.0 (Fig. 6B). This
result is consistent with the pH dependence of in vitro forma-
tion of MVB (Fig. 7), suggesting the physiological relevance of
pH sensing by the Vps27p-FYVE domain in MVB formation.
Based on these results, we propose a possible pH-based model
for the role of Nhx1p in MVB formation. First, Nhx1p alkalizes
the endosomal lumen by proton efflux from the lumen and
concomitantly acidifies the endosomal surface. This local acid-
ification may then serve as a trigger for proper Vps27p recruit-
ment to the endosomal membrane.

We were not able to detect an obvious contribution of Nhx1p
to acidification at the endosomal surface (Fig. 8D). At first this
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pRS316GAP1p-pHIlorin-VPS27-H190A/H191A were grown to logarithmic phase in APG medium (pH 5.5) at 30 °C and fixed on glass bottom dishes coated with
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pHluroin-Vps27p-H190A/H191A. Data are the means = S.D. of at least three independent experiments. *, p < 0.005; **, p < 0.05.

observation does not appear to be consistent with our current
proposal. However, because a change in Vps27p distribution or
in vitro MVB formation comparable with that seen in nhxIA
cells was observed after even a small shift (<0.5) in the intra-
cellular pH (Figs. 6 and 7), the actual difference in endosomal
surface pH between wild-type and nhxIA cells might be much
smaller than could be measured in our system. Such tight pH
regulation may be required for proper Vps27p recruitment. In
addition, it should be noted that in nhxIA cells, most of the
overexpressed pHluorin-Vps27p appeared to be localized to
the endosomes (Fig. 8B). This is different from our observation
that approximately half of the Vps27p was distributed diffusely
through the cytoplasm when it was expressed at the endoge-
nous level in nhxIA cells (Fig. 5, A-C). This accumulation of
GFP-Vps27p after the loss of Nhx1p might affect detection of
the surface pH, concealing differences between the surface pH
of wild-type and nhx1A cells. The cause of the endosomal accu-
mulation of overexpressed pHluorin-Vps27p remains unclear
at present. It is known that ESCRTSs shuttle between the endo-
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somal membrane and the cytoplasm (3, 48). Although ESCRT-
III is dissociated from endosomal membrane by Vpsdp (14),
the dissociation of the ESCRT-0/I/II complexes might
require additional unknown factors (3, 48). One possible
explanation for the endosomal accumulation of Vps27p in
nhx1A cells is that an additional factor is involved in disso-
ciation of Vps27p (ESCRT-0) from endosomal membranes.
This putative factor might not function sufficiently in the
absence of Nhx1p.

We could not rule out completely the possibility that a
change in the luminal pH in nhx1A cells affects Vps27p recruit-
ment. Luminal acidification might cause a dynamic change in
lipid composition of the endosomal membrane, especially a
potential reduction in PI(3)P, leading to defective Vps27p
recruitment to the endosome.

It has been suggested that phospholipid lysobisphosphatidic
acid, which is enriched in the MVBs of mammalian cells, pro-
motes the formation of internal vesicles in liposomes in vitro
and that vesicle formation depends on acidification of the
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lumen of the liposome (49). However, there is no evidence for
the presence of lysobisphosphatidic acid in yeast cells, and no
Vps proteins have emerged as possible regulators of lysobispho-
sphatidic acid levels. We also observed GFP-Cps1p localization
invma2A cells lacking Vma2p, an essential V, subunit of V-AT-
Pase. The loss of V-ATPase function had no detectable effect on
the vacuolar localization of GFP-Cpslp in our experiments.*
However, in vima2A nhxIA cells, the mislocalization of GFP-
Cpslp was identical to that of nkxIA cells.* Because the organ-
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ellar lumen is maintained at an acidic pH by alternative mech-
anisms, even in vma2A cells lacking V-ATPase activity (50, 51),
our data provide no evidence for the requirement of an acidic
endosomal lumen in MVB formation. However, this result sug-
gests that Nhx1p can function independently of V-ATPase
activity, at least in MVB formation, which is consistent with the
results of carboxypeptidase Y secretion in vma2A or nhxIA
cells, as reported previously (30). Furthermore, this finding sup-
ports the idea that Nhx1p contributes to MVB formation by
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regulating the surface pH rather than the luminal pH of
endosomes.

Our results suggest for the first time that the pH of the cyto-
plasmic surface of endosomes is involved in the control of
endosomal functions, such as MVB formation. This finding
reveals the unsuspected implication of a role for ion transport-
ers in endosomal function. The precise mechanism underlying
control of the Vps27p-PI(3)P interaction by Nhxlp and the
contribution of local surface pH to other endocytic processes
will be the focus of future studies.
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